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Abstract: The rice blast fungus Magnaporthe oryzae has been known to produce the phytohormone
auxin/IAA from its hyphae and conidia, but the detailed biological function and biosynthesis
pathway is largely unknown. By sequence homology, we identified a complete indole-3-pyruvic acid
(IPA)-based IAA biosynthesis pathway in M. oryzae, consisting of the tryptophan aminotransferase
(MoTam1) and the indole-3-pyruvate decarboxylase (Molpd1). In comparison to the wild type, IJAA
production was significantly reduced in the motam1A mutant, and further reduced in the moipd1A
mutant. Correspondingly, mycelial growth, conidiation, and pathogenicity were defective in the
motam1A and the moipd1A mutants to various degrees. Targeted metabolomics analysis further
confirmed the presence of a functional IPA pathway, catalyzed by Molpd1, which contributes to
IAA /auxin production in M. oryzae. Furthermore, the well-established IAA biosynthesis inhibitor,
yucasin, suppressed mycelial growth, conidiation, and pathogenicity in M. oryzae. Overall, this
study identified an IPA-dependent IAA synthesis pathway crucial for M. oryzae mycelial growth and
pathogenic development.

Keywords: auxin; conidiation; fungus; indole-3-acetic acid (IAA); Magnaporthe oryzae; pathogenesis;
rice blast

1. Introduction

Indole-3-acetic acid (IAA) is the active form of the phytohormone auxin, which
imperatively regulates plant growth and development, as well as plant-microbe inter-
action [1-3]. Besides plants, microbes including fungi could also produce IAA, using
tryptophan-dependent or -independent pathways [1,4,5]. Five tryptophan-dependent IAA
synthesis pathways have been reported, namely indole-3-pyruvic acid (IPA), indole-3-
acetamine (IAM), indole-3-acetonitrile (IAN), tryptamine (TPA), and the tryptophan side
chain oxidase (TSO) pathway [4,6,7]. Although fungus-derived IAA has been reported,
the IAA biosynthesis pathway(s) in fungi remain largely unknown. In the smut fungus
Ustilago maydis, the IPA pathway for IAA biosynthesis was established. The enzymes
involved in U. maydis IPA pathway were identified and characterized, including the trypto-
phan aminotransferases (TAMs) Tam1 and Tam2, converting tryptophan to IPA [8], and
the indole-3-acetaldehyde dehydrogenases (IADs), lad1 and Iad2, converting indole-3-
acetaldehyde (IAAld) to IAA [9]. Another phytopathogenic fungus, Leptosphaeria maculans,
uses the indole-3-pyruvate decarboxylase (IPDC) LmIPDC?2 to catalyze conversion from
IPA to IAAld for IAA biosynthesis [10].
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The filamentous ascomycete Magnaporthe oryzae causes leaf and panicle blast, which is
a serious disease of rice and other cereal crops. M. oryzae produces asexual spores, conidia,
which contact the host surface and upon sensing suitable environmental signals, and
differentiate into dome-shaped structures named appressoria for penetrating and infecting
the host plants [11-13]. During rice-M. oryzae interaction, phytohormones produced by
plant and/or fungus play an important role in the host-pathogen communication. It has
been reported that accumulation of IAA in rice causes enhanced susceptibility to M. oryzae,
while blocking rice IAA synthesis or signaling would help the rice gain resistance to
blast [14]. Although M. oryzae was also reported to synthesize and secrete IAA [15], the
detailed biosynthesis pathway and the physiological function of such fungus-derived IAA
are unclear.

In this study, we identified M. oryzae orthologs of U. maydis TAMs and IADs, as well
as of L. maculans IPDC, namely MoTam1, Moladl, Molad2, and Molpd1. Reverse genetics
and phenotyping analysis demonstrated that MoTam1 and Molpdl1 are involved in fungal
auxin/IAA biosynthesis, and play a crucial role in fungal growth, differentiation, and
pathogenesis. LC-MS analysis demonstrated that MoTam1 and Molpd1 contributed to IAA
biosynthesis in M. oryzae, likely via the IPA pathway. Our targeted metabolomics analysis
further confirmed that the Molpd1l-mediated IPA pathway is a major contributor of IAA
biosynthesis M. oryzae. In summary, our study reveals a fungal IAA biosynthesis pathway,
and its important function in fungal pathogenicity.

2. Materials and Methods
2.1. Fungal Strains, Growth Conditions, and Genetic Transformation

The M. oryzae strain B157 was used as the wild type in this study. The wild type and
the derived transformants/mutant strains were grown on prune agar medium (PA) or
complete medium (CM) at 28 °C for 7 days before measurement of the colony sizes. For
detection of IAA in M. oryzae, the fungal mycelia were grown in liquid complete medium
with basal nitrogen (CMN) under dark condition (28 °C, 180 rpm) for 2 days. In this study,
the deletion mutants were generated by Agrobacterium tumefaciens-mediated transformation
(ATMT) of M. oryzae [16].

2.2. Blast Infection Assay

The seeds of the rice cultivar CO39 were surface sterilized and allowed to germinate
on wet filter paper, incubated at 24 °C, humidity > 90%, for 2-3 days. The germinated
seeds were planted in the pots with soil. Cultivation of the barley seedlings followed the
similar methodology. Leaf blades of the 2-week-old rice or barley seedlings were used
for blast infection assays. The freshly harvested conidia, or the fungal mycelial plugs
from 7-day-old cultures, were used for infecting the detached rice or barley leaves. The
inoculated leaf explants were kept in a growth chamber with settings of 80% humidity,
28 °C, and a 12 h:12 h day:night cycle. Blast disease symptoms were examined and imaged
at 7 dpi.

2.3. Chemical Reagents Used in This Study

Tryptophan (Trp, Sigma-Aldrich, St. Louis, MO, USA) was dissolved in water to
10 mg/mL as a stock. Auxin (IAA; Sigma-Aldrich, St. Louis, MO, USA): stock concentration
of 50 mM in ethanol. 5-(4-chlorophenyl)-4H-1, 2, 4-triazole-3-thiol (yucasin; Sigma-Aldrich,
St. Louis, MO, USA): stock concentration of 0.5 M in DMSO.

2.4. Plasmid Constructs and Fungal Transformants

The deletion constructs pKO-TAM1, pKO-AROS8, pKO-ARO9, pKO-ARO98, pKO-
IAD1, and pKO-IAD2 were individually generated based on the plasmid pFGL821 (with the
hygromycin resistance gene, HPH) or pFGL822 (with the glufosinate ammonium resistance
gene, BAR) by surrounding the resistant gene (selection marker) with the homologous
regions of the targeting gene, respectively. The deletion constructs were individually
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transformed into the wild-type strain to generate the corresponding deletion mutants. For
generating the moaro9A moaro8A double deletion mutant, the pKO-ARO98 was transformed
into the moaro8A mutant. The primer sequences used for generating the deletion constructs
are listed in Table S1. The generation and characterization of the moipd1A mutant were
reported in our previous preprint [17].

2.5. Nucleus Acid Manipulation

Genomic DNA extraction from mycelia was performed following the SDS protocol [18].
Southern blot analysis was performed following an established protocol [19].

2.6. Tryptophan Metabolomics Analysis

Sample preparation: The fungal mycelia were cultured in CMN liquid medium
with/without tryptophan (1 mg/mL) for 2 days, then weighed (100 &= 5 mg per sam-
ple) and homogenized using Biospec MiniBeadbeater24 (Fastprep24). A 10 pL internal
standard (IS: containing L-Kynurenine-d4, 2-Picolinic-d4 Acid, 5-Hydroxyindole-3-acetic-
2,2-d2 Acid, 3-Hydroxyanthranilic Acid-d3, Tryptamine-d4 Hydrochloride, Melatonin-d4,
3-Indoxyl Sulfate-d4 Potassium Salt, Serotonin-d4 Hydrochloride, and Indole-d7 of re-
spective optimal concentrations) solution and 0.5 mL water-acetonitrile-methanol (1:2:2,
v/v/v) solution were added into the homogenate. About 400 uL of supernatant from
the sample was collected and dried under nitrogen gas after centrifugation. The residue
was re-dissolved in 100 uL acetonitrile-water (1:1, v/v) solution and then centrifuged at
14,000 g. The supernatant was injected for HPLC-MS/MS analysis.

HPLC-MS/MS analysis: The separation was performed on a UPLC system (Agilent
1290 Infinity UHPLC) using a C-18 column (Waters, CSH C18 1.7 um, 2.1 mm x 100 mm
column) by gradient elution. Eluent A and B were acetonitrile and water consisting of
20 mM ammonium formate buffer (pH = 3.7), respectively. The gradient elution program
was as follows: 0 min: 15% B, 2 min: 15% B, 9 min: 98% B, 11 min: 98% B, 11.5 min:
15% B, and 14 min: 15% B. Before injecting the next sample, the column was equilibrated
with the initial mobile phase for 5 min. The flow rate was at 0.4 mL/min and the column
temperature was set at 50 °C.

The 5500 QTRAP (AB SCIEX) was performed in positive and negative switch mode.
The ESI positive source conditions were as follows: source temperature: 550 °C, ion
source Gasl (Gasl): 55, ion source Gas2 (Gas2): 55, curtain gas (CUR): 40, and ion sapary
voltage floating (ISVF): +4500 V. The ESI negative source conditions were as follows: source
temperature: 550 °C; ion source Gas1 (Gasl): 55, ion source Gas2 (Gas2): 55, curtain gas
(CUR): 40,and ion sapary voltage floating (ISVF): —4500 V. The MRM method was used
for mass spectrometry quantitative data acquisition. The APCI source conditions were as
follows: source temperature: 550 °C, ion source Gasl (Gasl): 55, ion source Gas2 (Gas2): 55,
curtain gas (CUR): 40, and ion sapary voltage floating (ISVF): +5500 V. The MRM method
was used for mass spectrometry quantitative data acquisition.

2.7. Extraction and Detection of IAA by LC-MS

Sample preparation and detection of intracellular or secreted IAA from liquid-cultured
myecelia of the wild-type or mutant strains follows our previous optimal protocols [17].
IAA (Sigma, cat# 12886) at 200 ppb served as a standard control.

2.8. Data Analysis

Qualitative Analysis (version B.06.00), MultiQuant (version 3.02), or Analyst (version
TF1.17) software was used for quantitative data processing. For statistical analysis, the
one-way analysis of variance (ANOVA) test was carried out (p < 0.05, significant).
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3. Results
3.1. Identification of Tryptophan-Dependent IAA Synthesis Pathway in M. oryzae

In order to identify the possible IAA biosynthesis pathway(s) in M. oryzae, we searched
the M. oryzae genome for the orthologous enzymes of the reported tryptophan-dependent
pathways, using the BLAST website (https://blast.ncbi.nlm.nih.gov/Blast.cgi, accessed
on 10 December 2021). The result shows that intact TPA, IPA, IAM, and TSO cascades
are present, but some component in IAN pathways is missing (Table 1). Particularly,
orthologs of the characterized TAM, IPDC, and IAD enzymes of the IPA pathway estab-
lished in phytopathogenic fungi [8-10] were identified (Table 1), indicating a functional
IPA pathway responsible for IAA production in M. oryzae. We further performed phy-
logenetic analysis using these TAM, IPDC, and IAD orthologs in yeast and fungi. As
shown in Figure 1A, M. oryzae MGG_14221 (XP_003720489.1) is close to U. maydis Tam1
(XP_011387757.1) and Tam2 (XP_011389975.1), while MGG_09919 (XP_003710018.1) and
MGG_08189 (XP_003715165.1) are in another clade with Saccharomyces cerevisiae Aro8
(KAF400482.1) and Aro9 (NP_012005.1), which are involved in Ehrlich pathway for pro-
duction of aromatic alcohols [20]. Therefore, we named MGG_14221 as MoTam1, and
MGG_09919 and MGG_08189 as MoAro8 and MoAro9, respectively. There is only one or-
tholog of IPDC, MGG_01892, found in M. oryzae, and is closer to ascomycetous fungi
rather than yeast or basidiomycetous fungi [17]; therefore, we named it as Molpdl.
MGG_03900 (XP_003719976.1) and MGG_05008 (XP_003712512.1) are close to U. maydis
Tad1 (XP_011388928.1) and Iad2 (XP_011389963.1), respectively (Figure 1B), and therefore
named as Moladl and Molad2, respectively.

Table 1. Identification of M. oryzae orthologs in tryptophan-dependent IAA biosynthesis pathways.

Enzyme [Reference] M. oryzae ID Bait Identity (%) E Value
TPA pathway

TDC [21] MGG_03869 CAA47898.1 25.63 8 x 10~

AOX [5] MGG_10751 P49250.1 30.63 7 x 1078
IPA pathway

MGG_14221 39.81 4x10°%

TAM [8] MGG_08189 XP_011387757.1 2491 4 %1073

MGG_09919 27.20 1x10°%

IPDC [10] MGG_01892 XP_003844157.1 30.00 4 %1077

IAD [9] MGG_03900 XP_011388928.1 34.18 1x 109

MGG_05008 XP_011389876.1 34.02 2 x 10788

NP_194980.1 (YUC1) 27.00 4% 10732

NP_193062.1 (YUC2) 25.07 5x 10724

NP_171955.1 (YUC3) 29.53 2 x 10731

NP_196693.1 (YUC4) 28.15 7 x 10730

MGG_07629 NP_199202.1 (YUC5) 26.10 5x 10728

YUGs [22] NP_197944.2 (YUC6) 25.15 2 x 1072

NP_180881.1 (YUC?) 27.41 1x10°%

NP_194601.1 (YUCS8) 27.78 4 %1031

NP_171914.1 (YUC9) 28.82 9 x 10732

MGG_04751 NP_175321.1 (YUC10) 25.49 6 x 10714

MGG_07629 NP_173564.1 (YUC11) 28.82 1 x 10730
IAM pathway

TR2M [23] MGG_16373 AAD30489.1 39.70 1x 107

IAM hydrolase [24] MGG_15383 AEX60887.1 32.07 7 x 10763
IAN pathway

TPH [25] MGG_03352 OAP11515.1 25.05 6 x 10730

IAOx dehydratase [26] MGG_14859 OAP11700 24.36 2 x10°%
Nhase [27] No hit AFY70185.1

NIT [28] MGG_03280 KIS68359.1 33.75 7 x 10753
TSO pathway

TSO [29] MGG_16230 SCZ74856.1 38.68 4x10°%
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Figure 1. Phylogenetic analysis of TAM and IAD orthologs. (A) TAM orthologs; (B) IAD orthologs.
The evolutionary history was inferred using the neighbor-joining method [30]. The percentage of
replicate trees in which the associated taxa clustered together in the bootstrap test (1000 replicates)
are shown next to the branches [31]. Branches corresponding to partitions reproduced in less than
50% bootstrap replicates were collapsed. The evolutionary distances were computed using the
Poisson correction method [32] and in the units of the number of amino acid substitutions per sites.
Evolutionary analyses were conducted in MEGA?7 [33]. Domain annotation was performed using
Smart website (http://smart.embl.de/, accessed on 13 December 2021).

To verify whether this potential IPA pathway contributes to IAA production, we
generated the single deletion mutant of each gene (Figures S1 and S2) and measured
the IAA content. We found that IAA content was significantly reduced in the moipd1A
mutant (Figure 2A), consistent with our previous findings [17]. A reduced IAA level was
detected in the motam1A mutant as compared to the wild type, but was relatively higher
than that in the moipd1A mutant (Figure 2A). On the other hand, no obvious defect of IAA
production was found in the moaro8A or moaro9A mutant (Figure 2A). Furthermore, the
moaro9Amoaro8A double deletion mutant was generated (Figure S1C), and the IAA content
also did not change much in the double deletion mutant (Figure 2A). We conclude that
MoTam1 and Molpd1 are involved in tryptophan-dependent IAA production, likely via
the IPA pathway, while MoAro8 and MoAro9 are not. On the other hand, the moiad1A and
moiad2A mutants were also able to produce IAA to a comparable level as the wild type
(Figure 2A). We infer that they are not authentic IAD enzymes in M. oryzae; alternatively,
they are functionally redundant with each other.
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Figure 2. Characterization of the mutants in IAA biosynthesis, growth, and conidiation. (A) The

mycelia of wild-type (WT) strain and mutants were grown in liquid CMN supplemented with

1 mg/mL tryptophan for 2 days, and subject to detection of IAA extracted from fungal mycelia (left

panel) or the culture filtrate/supernatant (right panel), respectively. Mean & S.E. were derived from

three independent biological repeats. Different letter code represents significant difference (p < 0.05).

(B) Colony morphology of the wild-type strain (WT), and the mutants grown on CM plate at 28 °C.

Photographs were taken at 7 dpi. The low panel showed myecelial fluff of WT, motam1A, and moipd1A,

grown in liquid CM for 2 days. (C) Mycelial culture of WT and the moipd1A mutants was exposed to

light for 24 h to induce conidiation and assessed by microscopy. Scale bar = 50 um.
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3.2. MoTam1 and Molpdl Regulate Mycelial Growth, Conidiation, and Pathogenicity of M. oryzae

We next investigated the function of IAA biosynthesis in M. oryzae, by characterizing
myecelial growth, conidiation, and pathogenicity using the aforementioned mutants. The
motam1A and moipd1A mutants showed an obvious defect in mycelial growth under the
liquid culture condition, while only the moipd1A mutant was defective in growth on solid
medium (Figure 2B). On the other hand, the moaro8A, moaro9A, and the moaro9Amoaro8A
double mutant were comparable to the wild-type strain in mycelial growth (Figure 2B).
The moiad1A and moiad2 A mutants showed no defect in mycelial growth (Figure 2B). We
quantified conidia produced by the wild-type or mutant strains and found that the moipd1A
mutant was unable to produce any conidia (Figure 2C; Table 2). Except for the moipd1A
mutant, all the other mutants produced conidia to a comparable level as the wild type
(Table 2).

Table 2. Comparison of mycological characteristics among strains.

Strain Radius of Colony Conidia Count
(Average + S.E.) (x10%/mL; Average + S.E.)
Wild type (WT) 352+ 0.024 58.76 + 5.08 2
motam1A 353 +£0.074 60.58 +4.102
moaro8A 3.58 +0.024 65.05 +1.89 2
moaro9A 350 +0.024 6325 +7.762
moaro9A moaro8A 3.60 + 0.04 A 5920+ 6.712
moipd1A 1.4240.03P 0¢
moiadlA 357 +£0.034 60.32 £ 6.352
moiad2 A 3.52 4+ 0.054 61+5.102
WT + Yucasin (50 pM) 342 +0.034 17.42 + 4.49°
(100 M) 3.05+0.028 13.55 + 2.37b
(200 uM) 2.63+0.03€ 8.71 £ 2.37bc
(500 uM) 1.72 £0.07 P 6.78 + 1.19 be

Difference letters denote statistical significance (p < 0.05); n > 12 at each instance, of three independent
biological repeats.

We tested the pathogenicity of all the aforementioned mutants, except for moipd1A,
by inoculating the conidial suspension to the rice leaves. The motam1A mutant showed
reduced pathogenicity (Figure 3A,B), while the moaro8A, moaro9A, moaro9A moaro8A double
mutant, and the moiad1A and moiad2 A mutants displayed comparable pathogenicity to the
wild type (Figure 3A,B). As for the moipd1 A mutant, which produced no conidia, we tested
its pathogenicity by inoculating the mycelial plugs on the barley leaf explants. The result
showed that the moipd1A mycelia are unable to cause blast disease lesions on the barley
leaves (Figure 3C).

Overall, the mutants defective in IAA production (motam1A and moipd1A) were de-
fective in mycelial growth, asexual differentiation, and pathogenicity, to various degrees,
indicating that IAA biosynthesis mediated by the MoTam1-Molpd1 pathway, likely the IPA
pathway, is crucial for M. oryzae growth, differentiation, and pathogenicity.

3.3. The IPA Pathway Is A Major Contributor of IAA Biosynthesis in M. oryzae

As the moipd1A mutant displayed the strongest phenotypes in IAA production and
pathogenic development of M. oryzae, we further investigated its role in IAA biosynthesis by
comparative metabolomics analysis using the wild-type and the moipd1A mycelia, with or
without supplementation of tryptophan. Our results (Supplementary Dataset S1; Figure 4A)
showed that IAA content in the wild-type mycelia was significantly increased when trypto-
phan was added, further confirming that M. oryzae indeed uses the tryptophan-dependent
pathway(s) for IAA biosynthesis. Deletion of MoIPD1 resulted in significantly reduced IAA
level in comparison to the wild-type strain (Supplementary Dataset S1; Figure 4A), confirm-
ing that the IPA pathway mediated by the IPDC enzyme Molpd1 exists in M. oryzae, and is the
major contributor for IAA synthesis. We noticed that IAA level increased with external sup-
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plementation of tryptophan to the moipd1A mycelia (Supplementary Dataset S1; Figure 4A),
suggesting other tryptophan-dependent IAA biosynthesis pathway(s) may also exist in
M. oryzae.

A motamiA moaro8A moaro9A
WT -1 -2 -1 -2 -1 -2

moaro9Amoaro8A moiad1A
. -2 -1 -2 -1 -2 water

40- 10- ab ab ab ab
t E
< :
g B
© °
c
> 8
$
A> a> o> 8> A> 9> >
q{‘ o' o o 0 33 “\ A> o> o> ad  AD> >
NG ot 2 NCalNTS ROARRT LR LY. LY A ¢
@0 @ 6‘00 bﬁ‘o 0 “\o'@ P L D(‘\o'i‘ “\o\"’ o
05‘ b‘o
« «

moipd1A

WT -1 -2 Medium
Figure 3. Pathogenicity assay. Fresh conidial suspension of the wild-type (WT) strain or indicated
mutants was inoculated on 2-week-old rice leaf explants, respectively. Rice leaf explants inoculated

with water served as blank control. The inoculum of conidia was 2000 conidia per droplet. Blast
disease symptoms were (A) imaged and (B) quantified based on lesion area (left panel) and lesion
length (right panel), respectively, at 7 dpi. Different letters in (B) denote statistically significant
difference (p < 0.05). (C) The mycelial plugs of the wild-type (WT) or moipd1A mutants were
inoculated on the barley leaf explants. Fresh medium plugs served as the blank control. Photos were
taken at 7 dpi. For all the pathogenicity assays, three independent repeats were performed, and the
representative images are displayed here.
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Figure 4. Molpd]1 is crucial for IAA biosynthesis of M. oryzae. The wild-type (WT) strain and moipd1A
mutant were grown in CMN liquid medium with/without 1 mg/mL tryptophan (Trp) under dark
conditions for 2 days. Metabolites including (A) IAA, (B) TPA, (C) IAAld, and (D) L-Kyn were
detected by targeted metabolomics and plotted. Different letters denote statistically significant
difference (p < 0.05).

The presence of TPA (Supplementary Dataset S1) supports the existence of TPA path-
way for IAA biosynthesis in M. oryzae. We noticed that TPA content was reduced in the wild
type upon addition of tryptophan, while it remained unchanged in the moipd1A mutant
(Supplementary Dataset S1; Figure 4B). On the other hand, IAAld, a common downstream
metabolite of IPA, TPA, and TSO pathways [34,35], was also detected in both the wild-type
strain and the moipd1A mutant (Supplementary Dataset S1; Figure 4C). We assume that
TIAAId of the moipd1A mutant may be sourced from TPA conversion, or directly from
tryptophan catalyzed by the TSO enzyme. IAAld was significantly reduced in the moipd1A
mutant as compared to the wild type (Figure 4C), indicating that neither TPA nor TSO
pathway are a major contributor of IAA biosynthesis in M. oryzae.

Besides IAA biosynthesis, tryptophan could also be catabolized by kynurenine path-
way, producing L-kynurenine (L-Kyn) as one intermediate metabolite [36], and as an
inhibitor of IAA biosynthesis [37]. The L-Kyn content was significantly induced in the wild
type upon addition of tryptophan (Figure 4D), indicative of a negative feedback regulation
of tryptophan-dependent IAA biosynthesis. L-Kyn was also induced in the moipd1A mu-
tant, albeit to a lesser extent (Figure 4D). Overall, our results identified at least two IAA
synthesis pathways, namely IPA and TPA, in M. oryzae, and also uncovered the kynurenine
pathway for tryptophan catabolism and potential regulation of IAA biosynthesis.

3.4. YUCCA Pathway May Also Contribute to M. oryzae Growth, Conidiation, and Pathogenesis

We noticed that there are two orthologs of YUCCA (YUC; Table 1), which was reported
to catalyze the conversion from IPA to IAA directly [38], thus suggesting that the YUC
pathway for auxin/IAA synthesis may also function in M. oryzae. Thus far, the YUC path-
way has only been reported in plants [22]. To test the potential function of YUC pathway,
we applied yucasin, an inhibitor of IAA biosynthesis that suppresses YUC enzymes, to the
myecelial culture of M. oryzae. We found that yucasin could effectively suppress M. oryzae
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mycelial growth (Figure 5A; Table 1) and conidiation (Table 1). Furthermore, yucasin-
treated wild-type conidia displayed obvious reduction in blast lesion development on
rice leaf explants (Figure 5B), thus indicating that IAA biosynthesis via the YUC pathway
plays an important role during M. oryzae pathogenicity. We noticed that yucasin treatment
in the absence of conidia caused hypersensitive response (HR) or disease resistance-like
symptoms on the rice leaf explants (Figure 5B), possibly reflecting the consequence of the
inhibitory effect of yucasin on rice auxin synthesis. Overall, our results suggest that the
IPA-based biosynthesis of IAA, either via Molpd1-catalyzed IPA to IAAld conversion or
via YUCs-catalyzed IPA to IAA conversion, plays a crucial role in M. oryzae growth, asexual
development, and pathogenicity.

A WT+ yucasin (pM)
0.1% DMSO

WT conidia + yucasin (uM) yucasin
100 200 (500 pM) 0.1% DMSO

N

Figure 5. IAA biosynthesis inhibitor suppressed M. oryzae growth and pathogenesis. (A) Wild-type

(WT) strain was grown on PA medium supplemented with yucasin of different concentrations, kept
in dark under 28 °C. Photographs were taken at 7 dpi. PA medium containing 0.1% DMSO was set as
solvent control. (B) Yucasin was added to the wild-type (WT) conidial suspension (2000/droplet) to
reach the indicated final concentration. Photos were taken at 7 dpi. Rice leaf explants inoculated with
yucasin solution (500 uM) served as a blank/mock control, and 0.1% DMSO as a solvent control.

4. Discussion

Auxin (IAA) is an important phytohormone regulating cell growth and differentiation
in plants [4]. Accumulating evidence demonstrates that microbes including bacteria and
fungi could also synthesize and secrete auxin/IAA [5,39], but the physiological function of
such microbe-sourced auxin/IAA remains largely unknown. As the rice blast causal fungus,
M. oryzae was reported to be able to produce IAA from its hypha and conidia [15], yet the
IAA biosynthesis pathway is unclear. By searching the M. oryzae genome for the orthologs
of the enzymes of the five tryptophan-dependent pathways, we found components of TPA,
IPA, IAM, and TSO pathways, but some components in the IAN pathway are missing
(Table 1). Interestingly, we identified two potential YUC enzymes in M. oryzae orthologs
of the 11 established Arabidopsis thaliana YUCs (Table 1). So far, the YUC pathway for
auxin/IAA synthesis has only been reported in plants [22], and not in bacteria or fungi.
We deduce that M. oryzae may also synthesize IAA directly from IPA using such YUCs.
Supporting this hypothesis, the IAA inhibitor yucasin that targets YUCs [38] could also
suppress mycelial growth, conidiation, and pathogenicity in M. oryzae (Figure 5; Table 2).
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We reported similar phenotypes caused by treatment of amino-oxyacetic acid (AOA) with
M. oryzae [17], which is known to inhibit IAA biosynthesis by targeting TAM, albeit at
a much lower efficiency [40]. Furthermore, suppression of IAA biosynthesis via gene-
deletion analysis of the IPA pathway led to reduced growth to varying degrees under
in vitro culture conditions (Figure 2B,C; Table 2), indicating that IAA plays a positive
role in fungal growth. When infecting host rice, IAA mutants (motam1A and moipd1A)
displayed reduced or complete loss of pathogenesis (Figure 3A-C), which may be due to
reduced fungal invasive growth. Alternatively, fungus-derived auxin/IAA may function
in suppressing immunity in the host plants.

It has been reported that auxin is involved in plant responses to a wide range of biotic
and abiotic stresses. In some cases, auxin was reported to positively regulate plant immu-
nity against pathogens. For example, an elevated auxin/IAA level promotes resistance
against Rhizoctonia solani, a fungal pathogen causing sheath blight in rice [41]. Infection
by rice dwarf virus (RDV) triggers increased auxin biosynthesis and accumulation in rice,
thereby activating auxin signaling to enhance rice defense against RDV infection [42].
However, in most cases, auxin is generally considered as a negative regulator of innate
immunity in rice [43]. Auxin could not only suppress plant immunity by suppression of
salicylic acid (SA)-mediated host defense, but also directly induces expression of virulence
genes in the bacterial pathogen [44]. In cassava (Manihot esculenta), the auxin signaling
pathway mediated by MeAux/IAAs negatively regulates the plant resistance to the bac-
terial pathogen Xanthomonas axonopodis pv manihotis (Xam) by affecting the expression of
pathogenesis-related genes (MePRs), accumulation of reactive oxygen species, and cal-
lose deposition during the plant defense response [45]. Repressing auxin signaling by
overexpressing indole-3-acetic acid-amido synthetase GH3 could effectively enhance plant
resistance, as reported in rice against M. oryzae [46], and in citrus against Xanthomonas citri
subsp. citri (Xcc) [47]. Similarly, microRNA-mediated suppression of auxin responsive factor
(ARF) genes leads to hyper-susceptibility of rice to M. oryzae [48]. Therefore, we could
expect that elevated auxin/IAA, either derived from plant or fungal side, would facilitate
M. oryzae infection in rice. We observed a dynamic accumulation of IAA in developing
conidia, appressoria, and invasive hyphae of M. oryzae, and that IAA is also secreted out
from conidia and is perceived by the host plant [17], thus suggesting a complex and crucial
role for IAA during fungus—plant interactions.

Comparative metabolomics analysis showed that loss of MoIPD1 resulted in significant
reduction in IAA content, supporting that the IPA pathway is a major pathway for IAA
biosynthesis in M. oryzae. We identified TPA and IAAld (Supplementary Dataset S1; Figure 4)
in M. oryzae, supporting the presence of TPA pathway in M. oryzae. A low level of IAA was
detected in the moipd1 A mutant, indicating that besides the IPA pathway mediated by TAM-
IPDC-IAD enzymes, other pathway(s) could also contribute to IAA biosynthesis in M. oryzae,
likely including the YUC pathway downstream of IPA, as well as the TPA pathway that
bypasses IPDC function. We could not rule out the existence of the IAN or IAM pathway in
M. oryzae, as the corresponding intermediate metabolites were not assessed. The M. oryzae
ortholog of the TSO enzyme could also be identified based on sequence similarity, but its
biochemical activity and biological function await elucidation in the near future. Lastly,
starting with the in silico search (Table 1), and followed by functional characterization of
candidate genes and the relevant metabolomics analyses, we summarize the framework for
tryptophan-dependent IAA biosynthesis pathways in M. oryzae (Figure 6).

Deletion of MoTAM]1 caused a reduction in IAA content and a mild defect in mycelial
growth and pathogenicity, likely due to functional redundancy with MoAro8 and/or
MoAro9, whose yeast orthologs were reported in catalyzing deamination of aromatic
amino acids, including tryptophan, but for the production of aromatic alcohols [20]. It
remains to be investigated whether M. oryzae also produce aromatic alcohols. The moipd1A
mutant showed the strongest phenotype in IAA production among all the tested mutants,
and correspondingly had the most obvious defects in growth and pathogenic development.
We were intrigued to notice that the conidiation or pathogenicity defect of the moipd1A
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mutant could not be restored by exogenously supplying IAA (data not shown). It has
been reported that photo-oxidation of IAA forms toxic products 3-hydroxymethyl oxindole
(HMO) and 3-methylene oxindole (Meox) [49-51], which may suppress fungal growth.
It would be of great interests to verify whether these two substances are present in an
IAA-supplemented medium.

Yucae;
(1AOX) ~— N\ Phd
\ | ° -
N - -

2 |
" (IAAId)
@J/_- Trp: Tryptophan
N TPA:Tryptamine

(AN) IAOX: Indole-3-acetaldoxime

’ ~ ~ 0 IAM:Indole-3-acetamide
WOH IAN: Indole-3-acetonitrile
N IPA: Indole-3-pyruvate
b4 IAAId: Indole-3-acetaldehyde
d (1AA) TSO: Tryptophan side-chain oxidase
-~ AOA: Amino-oxyacetic acid

~ L-Kyn: L-Kynurenine
Yucasin: 5-(4-chlorophenyl)-4H-1,2,4
-triazole-3-thiol

Figure 6. Proposed IAA biosynthesis pathway in M. oryzae based on tryptophan metabolomics
analysis and orthologs search. Presence of pathways was inferred based on identification of M. oryzae
orthologs (Table 1), and detection of the intermediate metabolites (Supplementary Dataset S1).
Detection of tryptophan (Trp), TPA, IAAld, and IAA (blue font) indicates that the IPA and TPA
pathways (solid arrows) may exist in M. oryzae. MoTam1 and Molpd1 (red font) are the enzymes
catalyzing IPA pathways characterized in this study. IAOX, IAN, and IAM (black font) were not
assessed, so we could not conclude whether the corresponding biosynthesis pathways (dashed
arrows) exist in M. oryzae. It is also unclear whether the TSO pathway exists in M. oryzae. AOA,
L-Kyn, and yucasin are reported inhibitors of auxin biosynthesis.

In summary, our study established a major pathway contributing to IAA biosynthesis
in M. oryzae, catalyzed by the identified MoTam1 and Molpd1 enzymes. The fungus-derived
IAA plays an important role in regulating M. oryzae growth and pathogenic development,
and likely mediates the interaction between fungal pathogens and plant hosts.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/jof8020208/s1, Figure S1: Construction and verification of deletion mutants; Figure S2:
Construction and verification of MoIAD1 and MoIAD?2 deletion mutants; Table S1: Primers used in
this study; Supplementary Dataset S1: Targeted metabolic analysis in this study.


https://www.mdpi.com/article/10.3390/jof8020208/s1
https://www.mdpi.com/article/10.3390/jof8020208/s1

J. Fungi 2022, 8, 208 13 of 15

Author Contributions: Y.Z.D. and N.LN. conceived and designed the study. L.D., YM. and W.S. gen-
erated and characterized the deletion mutants; C.-Y.C. and G.C. assisted in LC-MS and metabolomics
analyses; L.S. prepared the samples for tryptophan metabolomics and analyzed the data; L.D., YM.,
Y.Z.D. and N.LN. drafted the manuscript. All the authors reviewed and approved the manuscript.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by National Natural Science Foundation of China (Grant No.
31970139) and Key Realm R&D Program of Guangdong Province (2020B0202090001) to Y.Z.D., and
the Graduate Student Overseas Study Program from South China Agricultural University (Grant
No. 2019LHPY015) to L.D. N.ILN. and C.-Y.C. acknowledge the funding support from Temasek Life
Sciences Laboratory and the National Research Foundation (NRF-CRP16-2015-04; PMO, Singapore).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Acknowledgments: We thank Shanghai Applied Protein Technology Co. Ltd. for technical support
in metabolomics analysis.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References

1.  Spaepen, S.; Vanderleyden, J. Auxin and plant-microbe interactions. Cold Spring Harb. Perspect. Biol. 2011, 3, a001438. [CrossRef]

2. Teale, W.D.; Paponov, LA.; Palme, K. Auxin in action: Signalling, transport and the control of plant growth and development. Nat.
Rev. Mol. Cell Biol. 2006, 7, 847-859. [CrossRef]

3. Woodward, A.W,; Bartel, B. Auxin: Regulation, action, and interaction. Ann. Bot. 2005, 95, 707-735. [CrossRef] [PubMed]

4. Zhao, Y. Auxin biosynthesis and its role in plant development. Annu. Rev. Plant Biol. 2010, 61, 49—64. [CrossRef] [PubMed]

5. Spaepen, S.; Vanderleyden, J.; Remans, R. Indole-3-acetic acid in microbial and microorganism-plant signaling. FEMS Microbiol.
Rev. 2007, 31, 425-448. [CrossRef] [PubMed]

6. Kulkarni, G.B.; Sanjeevkumar, S.; Kirankumar, B.; Santoshkumar, M.; Karegoudar, T.B. Indole-3-acetic acid biosynthesis in
Fusarium delphinoides strain GPK, a causal agent of wilt in chickpea. Appl. Biochem. Biotechnol. 2013, 169, 1292-1305. [CrossRef]
[PubMed]

7. Kumla, J.; Suwannarach, N.; Matsui, K.; Lumyong, S. Biosynthetic pathway of indole-3-acetic acid in ectomycorrhizal fungi
collected from northern Thailand. PLoS ONE 2020, 15, e0227478. [CrossRef] [PubMed]

8. Zuther, K.; Mayser, P; Hettwer, U.; Wu, W,; Spiteller, P; Kindler, B.L.]J.; Karlovsky, P.; Basse, C.W.; Schirawski, J. The tryptophan
aminotransferase Tam1 catalyses the single biosynthetic step for tryptophan-dependent pigment synthesis in Ustilago maydis.
Mol. Microbiol. 2008, 68, 152-172. [CrossRef]

9.  Basse, C.W,; Lottspeich, F.; Steglich, W.; Kahmann, R. Two potential indole-3-acetaldehyde dehydrogenases in the phytopathogenic
fungus Ustilago maydis. Eur. ]. Biochem. 1996, 242, 648-656. [CrossRef]

10. Leontovy¢ova, H.; Trda, L.; Dobrev, PI; Sagek, V.; Gay, E.; Balesdent, M.H.; Burketova, L. Auxin biosynthesis in the phy-
topathogenic fungus Leptosphaeria maculans is associated with enhanced transcription of indole-3-pyruvate decarboxylase
LmIPDC2 and tryptophan aminotransferase LmTAM1. Res. Microbiol. 2020, 171, 174-184. [CrossRef]

11. Talbot, N.J. On the trail of a cereal killer: Exploring the biology of Magnaporthe grisea. Annu. Rev. Microbiol. 2003, 57, 177-202.
[CrossRef] [PubMed]

12.  Hamer, ].E.; Howard, R.J.; Chumley, EG.; Valent, B. A mechanism for surface attachment in spores of a plant pathogenic fungus.
Science 1988, 239, 288-290. [CrossRef]

13. Howard, RJ.; Ferrari, M.A.; Roach, D.H.; Money, N.P. Penetration of hard substrates by a fungus employing enormous turgor
pressures. Proc. Natl. Acad. Sci. USA 1991, 88, 11281-11284. [CrossRef]

14. Fu,]; Liu, H.; Li, Y;; Yu, H,; Li, X,; Xiao, J.; Wang, S. Manipulating broad-spectrum disease resistance by suppressing pathogen-
induced auxin accumulation in rice. Plant Physiol. 2011, 155, 589-602. [CrossRef]

15. Jiang, C.J.; Shimono, M.; Sugano, S.; Kojima, M.; Liu, X.; Inoue, H.; Sakakibara, H.; Takatsuji, H. Cytokinins act synergistically
with salicylic acid to activate defense gene expression in rice. Mol. Plant-Microbe Interact. 2013, 26, 287-296. [CrossRef] [PubMed]

16. Rho, H.S; Kang, S.; Lee, Y.H. Agrobacterium tumefaciens-mediated transformation of the plant pathogenic fungus, Magnaporthe
grisea. Mol. Cells 2001, 12, 407-411.

17.  Dong, L.H.; Shen, Q.; Chen, C.-Y.; Shen, L.Z.; Yang, F.; Naweed, LN.; Deng, Y.Z. Fungal auxin is a quorum-based modulator of

blast disease severity. bioRxiv 2021, 10, 29-33. [CrossRef]


http://doi.org/10.1101/cshperspect.a001438
http://doi.org/10.1038/nrm2020
http://doi.org/10.1093/aob/mci083
http://www.ncbi.nlm.nih.gov/pubmed/15749753
http://doi.org/10.1146/annurev-arplant-042809-112308
http://www.ncbi.nlm.nih.gov/pubmed/20192736
http://doi.org/10.1111/j.1574-6976.2007.00072.x
http://www.ncbi.nlm.nih.gov/pubmed/17509086
http://doi.org/10.1007/s12010-012-0037-6
http://www.ncbi.nlm.nih.gov/pubmed/23306880
http://doi.org/10.1371/journal.pone.0227478
http://www.ncbi.nlm.nih.gov/pubmed/31899917
http://doi.org/10.1111/j.1365-2958.2008.06144.x
http://doi.org/10.1111/j.1432-1033.1996.0648r.x
http://doi.org/10.1016/j.resmic.2020.05.001
http://doi.org/10.1146/annurev.micro.57.030502.090957
http://www.ncbi.nlm.nih.gov/pubmed/14527276
http://doi.org/10.1126/science.239.4837.288
http://doi.org/10.1073/pnas.88.24.11281
http://doi.org/10.1104/pp.110.163774
http://doi.org/10.1094/MPMI-06-12-0152-R
http://www.ncbi.nlm.nih.gov/pubmed/23234404
http://doi.org/10.1101/2021.10.26.465851

J. Fungi 2022, 8, 208 14 0of 15

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Feng, J.; Hwang, R.; Chang, K.F; Hwang, S.F; Strelkov, S.E.; Gossen, B.D.; Zhou, Q. An inexpensive method for extraction of
genomic DNA from fungal mycelia. Can. J. Plant Pathol. 2010, 32, 396-401. [CrossRef]

Sambrook, J.; Fritsch, E.F; Maniatis, T. Molecular Cloning: A Laboratory Manual, 2nd ed.; Cold Spring Harbor Laboratory Press:
Cold Spring Harbor, NY, USA, 1989.

Hazelwood, L.A,; Daran, ].M.; Van Maris, A.J.A.; Pronk, ].T.; Dickinson, J.R. The Ehrlich pathway for fusel alcohol production: A
century of research on Saccharomyces cerevisiae metabolism. Appl. Environ. Microbiol. 2008, 74, 2259-2266. [CrossRef] [PubMed]
Koga, J.; Adachi, T.; Hidaka, H. Purification and characterization of indolepyruvate decarboxylase: A novel enzyme for indole-3-
acetic acid biosynthesis in Enterobacter cloacae. ]. Biol. Chem. 1992, 267, 15823-15828. [CrossRef]

Cao, X,; Yang, H.; Shang, C.; Ma, S.; Liu, L.; Cheng, J. The roles of auxin biosynthesis YUCCA gene family in plants. Int. . Mol.
Sci. 2019, 20, 6343. [CrossRef]

Van Onckelen, H.; Prinsen, E.; Inzé, D.; Riideisheim, P.; Van Lijsebettens, M.; Follin, A.; Schell, J.; Van Montagu, M.; De Greef, J.
Agrobacterium T-DNA gene 1 codes for tryptophan 2-monooxygenase activity in tobacco crown gall cells. FEBS Lett. 1986, 198,
357-360. [CrossRef]

Tsavkelova, E.; Oeser, B.; Oren-Young, L.; Israeli, M.; Sasson, Y.; Tudzynski, B.; Sharon, A. Identification and functional
characterization of indole-3-acetamide-mediated IAA biosynthesis in plant-associated Fusarium species. Fungal Genet. Biol. 2012,
49, 48-57. [CrossRef]

Hull, A.K,; Vij, R;; Celenza, ].L. Arabidopsis cytochrome P450s that catalyze the first step of tryptophan-dependent indole-3-acetic
acid biosynthesis. Proc. Natl. Acad. Sci. USA 2000, 97, 2379-2384. [CrossRef] [PubMed]

Nafisi, M.; Goregaoker, S.; Botanga, C.J.; Glawischnig, E.; Olsen, C.E.; Halkier, B.A.; Glazebrook, J. Arabidopsis cytochrome P450
monooxygenase 71A13 catalyzes the conversion of indole-3-acetaldoxime in camalexin synthesis. Plant Cell 2007, 19, 2039-2052.
[CrossRef] [PubMed]

Duca, D.; Rose, D.R.; Glick, B.R. Characterization of a nitrilase and a nitrile hydratase from Pseudomonas sp. strain UW4 that
converts indole-3-acetonitrile to indole-3-acetic acid. Appl. Environ. Microbiol. 2014, 80, 4640-4649. [CrossRef] [PubMed]
Reineke, G.; Heinze, B.; Schirawski, J.; Buettner, H.; Kahmann, R.; Basse, C.W. Indole-3-acetic acid (IAA) biosynthesis in the smut
fungus Ustilago maydis and its relevance for increased IAA levels in infected tissue and host tumour formation. Mol. Plant Pathol.
2008, 9, 339-355. [CrossRef]

Ai, Y,; Wang, B.; Xiao, S.; Luo, S.; Wang, Y. Tryptophan side-chain oxidase enzyme suppresses hepatocellular carcinoma growth
through degradation of tryptophan. Int. J. Mol. Sci. 2021, 22, 12428. [CrossRef] [PubMed]

Saitou, N.; Nei, M. The neighbor-joining method: A new method for reconstructing phylogenetic trees. Mol. Biol. Evol. 1987, 4,
406-425. [CrossRef]

Felsenstein, J. Confidence limits on phylogenies: An approach using the Bootstrap. Soc. Study Evol. Stable 1985, 39, 783-791.
Zuckerkand], E.; Pauling, L. Evolutionary divergence and convergence in proteins. Evol. Genes Proteins 1965, 97-166. [CrossRef]
Kumar, S.; Stecher, G.; Li, M.; Knyaz, C.; Tamura, K. MEGA X: Molecular evolutionary genetics analysis across computing
platforms. Mol. Biol. Evol. 2018, 35, 1547-1549. [CrossRef]

Perley, J.E.; Stowe, B.B. On the ability of Taphrina deformans to produce indoleacetic acid from tryptophan by way of tryptamine.
Plant Physiol. 1966, 41, 234-237. [CrossRef] [PubMed]

Oberhansli, T.; Defago, G.; Haas, D. Indole-3-acetic acid (IAA) synthesis in the biocontrol strain CHAO of Pseudomonas fluorescens
Role of tryptophan side chain oxidase. J. Gen. Microbiol. 1991, 137, 2273-2279. [CrossRef]

Zelante, T.; Choera, T.; Beauvais, A.; Fallarino, E; Paolicelli, G.; Pieraccini, G.; Pieroni, M.; Galosi, C.; Beato, C.; De Luca, A.; et al.
Aspergillus fumigatus tryptophan metabolic route differently affects host immunity. Cell Rep. 2021, 34, 108673. [CrossRef] [PubMed]
He, W,; Brumos, J.; Li, H.; Ji, Y,; Ke, M.; Gong, X.; Zeng, Q.; Li, W,; Zhang, X.; An, F; et al. A small-molecule screen identifies
L-Kynurenine as a competitive inhibitor of TAA1/TAR activity in ethylene-directed auxin biosynthesis and root growth in
Arabidopsis. Plant Cell 2011, 23, 3944-3960. [CrossRef] [PubMed]

Nishimura, T.; Hayashi, K.I.; Suzuki, H.; Gyohda, A.; Takaoka, C.; Sakaguchi, Y.; Matsumoto, S.; Kasahara, H.; Sakai, T.;
Kato, J.I; et al. Yucasin is a potent inhibitor of YUCCA, a key enzyme in auxin biosynthesis. Plant . 2014, 77, 352-366. [CrossRef]
[PubMed]

Arshad, M.; Frankenberger, W.T. Microbial production of plant hormones. Plant Soil 1991, 133, 1-8. [CrossRef]

Ishii, T.; Soeno, K.; Asami, T.; Fujioka, S.; Shimada, Y. Arabidopsis seedlings over-accumulated indole-3-acetic acid in response to
aminooxyacetic acid. Biosci. Biotechnol. Biochem. 2010, 74, 2345-2347. [CrossRef] [PubMed]

Qiao, L.; Zheng, L.; Sheng, C.; Zhao, H.; Jin, H.; Niu, D. Rice siR109944 suppresses plant immunity to sheath blight and impacts
multiple agronomic traits by affecting auxin homeostasis. Plant J. 2020, 102, 948-964. [CrossRef]

Qin, Q.; Li, G;; Jin, L.; Huang, Y.; Wang, Y.; Wei, C.; Xu, Z.; Yang, Z.; Wang, H.; Li, Y. Auxin response factors (ARFs) differentially
regulate rice antiviral immune response against rice dwarf virus. PLoS Pathog. 2020, 16, 1-23. [CrossRef] [PubMed]

Yang, D.L.; Yang, Y.; He, Z. Roles of plant hormones and their interplay in rice immunity. Mol. Plant 2013, 6, 675-685. [CrossRef]
[PubMed]

Djami-Tchatchou, A.T.; Harrison, G.A.; Harper, C.P.; Wang, R.; Prigge, M.].; Estelle, M.; Kunkel, B.N. Dual role of auxin in
regulating plant defense and bacterial virulence gene expression during Pseudomonas syringae PtoDC3000 pathogenesis. Mol.
Plant-Microbe Interact. 2020, 33, 1059-1071. [CrossRef]


http://doi.org/10.1080/07060661.2010.508620
http://doi.org/10.1128/AEM.02625-07
http://www.ncbi.nlm.nih.gov/pubmed/18281432
http://doi.org/10.1016/S0021-9258(19)49609-9
http://doi.org/10.3390/ijms20246343
http://doi.org/10.1016/0014-5793(86)80436-7
http://doi.org/10.1016/j.fgb.2011.10.005
http://doi.org/10.1073/pnas.040569997
http://www.ncbi.nlm.nih.gov/pubmed/10681464
http://doi.org/10.1105/tpc.107.051383
http://www.ncbi.nlm.nih.gov/pubmed/17573535
http://doi.org/10.1128/AEM.00649-14
http://www.ncbi.nlm.nih.gov/pubmed/24837382
http://doi.org/10.1111/j.1364-3703.2008.00470.x
http://doi.org/10.3390/ijms222212428
http://www.ncbi.nlm.nih.gov/pubmed/34830310
http://doi.org/10.1093/oxfordjournals.molbev.a040454
http://doi.org/10.1016/b978-1-4832-2734-4.50017-6
http://doi.org/10.1093/molbev/msy096
http://doi.org/10.1104/pp.41.2.234
http://www.ncbi.nlm.nih.gov/pubmed/5908633
http://doi.org/10.1099/00221287-137-10-2273
http://doi.org/10.1016/j.celrep.2020.108673
http://www.ncbi.nlm.nih.gov/pubmed/33503414
http://doi.org/10.1105/tpc.111.089029
http://www.ncbi.nlm.nih.gov/pubmed/22108404
http://doi.org/10.1111/tpj.12399
http://www.ncbi.nlm.nih.gov/pubmed/24299123
http://doi.org/10.1007/BF00011893
http://doi.org/10.1271/bbb.100463
http://www.ncbi.nlm.nih.gov/pubmed/21071851
http://doi.org/10.1111/tpj.14677
http://doi.org/10.1371/journal.ppat.1009118
http://www.ncbi.nlm.nih.gov/pubmed/33264360
http://doi.org/10.1093/mp/sst056
http://www.ncbi.nlm.nih.gov/pubmed/23589608
http://doi.org/10.1094/MPMI-02-20-0047-R

J. Fungi 2022, 8, 208 150f 15

45.

46.

47.

48.

49.

50.

51.

Fan, S.; Chang, Y.; Liu, G.; Shang, S.; Tian, L.; Shi, H. Molecular functional analysis of auxin/indole-3-acetic acid proteins
(Aux/IAAs) in plant disease resistance in cassava. Physiol. Plant. 2020, 168, 88-97. [CrossRef] [PubMed]

Domingo, C.; Andrés, F,; Tharreau, D.; Iglesias, D.J.; Talon, M. Constitutive expression of OsGH3.1 reduces auxin content and
enhances defense response and resistance to a fungal pathogen in rice. Mol. Plant-Microbe Interact. 2009, 22, 201-210. [CrossRef]
[PubMed]

Zou, X.; Long, J.; Zhao, K.; Peng, A.; Chen, M.; Long, Q.; He, Y.; Chen, S. Overexpressing GH3.1 and GH3.1L reduces susceptibility
to Xanthomonas citri subsp. Citri by repressing auxin signaling in citrus (Citrus sinensis Osbeck). PLoS ONE 2019, 14, e0220017.
[CrossRef]

Zhao, Z.X.; Feng, Q.; Cao, X.L.; Zhu, Y.; Wang, H.; Chandran, V; Fan, J.; Zhao, ].Q.; Pu, M.; Li, Y,; et al. Osa-miR167d facilitates
infection of Magnaporthe oryzae in rice. |. Integr. Plant Biol. 2020, 62, 702-715. [CrossRef] [PubMed]

Bhattacharyya, R.N.; Chattopadhyay, K.K.; Basu, P.S. Auxin activity of 3-hydroxymethyl oxindole and 3-methylene oxindole in
oat. Biol. Plant 1986, 28, 219-226. [CrossRef]

Fukuyama, T.T.; Moyed, H.S. Inhibition of cell growth by photooxidation products of indole-3-acetic. J. Biol. Chem. 1964, 239,
2392-2397. [CrossRef]

Goldacre, P.L. The photochemical inactivation of indoleacetic acid sensitized by non-protein components of plant tissues. Aust. J.
Biol. Sci. 1954, 7, 225-250. [CrossRef]


http://doi.org/10.1111/ppl.12970
http://www.ncbi.nlm.nih.gov/pubmed/30950065
http://doi.org/10.1094/MPMI-22-2-0201
http://www.ncbi.nlm.nih.gov/pubmed/19132872
http://doi.org/10.1371/journal.pone.0220017
http://doi.org/10.1111/jipb.12816
http://www.ncbi.nlm.nih.gov/pubmed/31001874
http://doi.org/10.1007/BF02894600
http://doi.org/10.1016/S0021-9258(20)82247-9
http://doi.org/10.1071/BI9540225

	Introduction 
	Materials and Methods 
	Fungal Strains, Growth Conditions, and Genetic Transformation 
	Blast Infection Assay 
	Chemical Reagents Used in This Study 
	Plasmid Constructs and Fungal Transformants 
	Nucleus Acid Manipulation 
	Tryptophan Metabolomics Analysis 
	Extraction and Detection of IAA by LC-MS 
	Data Analysis 

	Results 
	Identification of Tryptophan-Dependent IAA Synthesis Pathway in M. oryzae 
	MoTam1 and MoIpd1 Regulate Mycelial Growth, Conidiation, and Pathogenicity of M. oryzae 
	The IPA Pathway Is A Major Contributor of IAA Biosynthesis in M. oryzae 
	YUCCA Pathway May Also Contribute to M. oryzae Growth, Conidiation, and Pathogenesis 

	Discussion 
	References

